The purpose of this study was to determine the functional organization of the human brain involved in cross-modal discrimination between tactile and visual information. Regional cerebral blood¯ow was measured by positron emission tomography in nine right-handed volunteers during four discrimination tasks; tactile±tactile (TT), tactile±visual (TV), visual±tactile (VT), and visual±visual (VV). The subjects were asked either to look at digital cylinders of different diameters or to grasp the digital cylinders with the thumb and index ®nger of the right hand using haptic interfaces. Compared with the motor control task in which the subjects looked at and grasped cylinders of the same diameter, the right lateral prefrontal cortex and the right inferior parietal lobule were activated in all the four discrimination tasks. In addition, the dorsal premotor cortex, the ventral premotor cortex, and the inferior temporal cortex of the right hemisphere were activated during VT but not during TV. Our results suggest that the human brain mechanisms underlying cross-modal discrimination have two different pathways depending on the temporal order in which stimuli are presented.
Introduction
The term`cross-modal' appears to have been introduced by Ettlinger (1960) in a study on cross-modal training in monkeys. That study (Ettlinger, 1960) marked the beginning of more systematic works on speci®c cross-modal performance, in nonhuman primates. Research interest in this area appears to have been further stimulated by the possibility that cross-modal performance abilities are of a higher order of cognitive complexity than those that involve only one modality; that is, cross-modal performance abilities may require more time to develop, and can only become established after the maturation of modality-speci®c systems. Despite extensive research on nonhuman primates and psychological research on infants, it remains unclear which speci®c brain structures and processes underlie such cross-modal performance abilities in normal human adults.
The earliest attempt to study the effects of brain lesions on crossmodal performance involved the use of the cross-modal recognition method of Cowey & Weiskrantz (1975) . Sahgal et al. (1975) and Petrides & Iversen (1976) reported the impairment of cross-modal performance abilities following removal of the posterior temporal cortex and prestriate, or in the presence of lesions in the arcuate sulcus cortex. Impairment of abilities during a cross-modal recognition task was also observed in monkeys with lesions in the anterior cingulate and medial prefrontal cortex, but not in those with lesions in the lower lateral premotor cortex and areas PF and PFG of the parietal lobe (Aitken, 1980) . Another study (Jarvis & Ettlinger, 1977 ) used a different cross-modal recognition paradigm, in which monkeys learned a discrimination task in one modality (vision or touch), and performed trials in both presentation orders, namely, visual-to-tactile and tactile-to-visual. Lesions in the cortex, from the superior temporal cortex to the lateral prefrontal cortex of the monkeys, did not produce de®cits, although the authors claimed that overtraining of the monkeys might have accounted for these negative results (Ettlinger & Garcha, 1980) . In general, however, lesion studies on monkeys have not yet provided consistent and convincing evidence that polysensory convergence areas mediate cross-modal performance. Ettlinger & Wilson (1990) recently suggested an alternative model for the mechanism of cross-modal performance, claiming that, rather than the polysensory convergence areas mediating cross-modal matching, there is a so-called`leakage' between perceptual/memory systems that were previously considered to be modality-speci®c. It was therefore suggested that modality-speci®c systems are not protected by impervious boundaries, and that representations built up by sensory events in one modality are still available for retrieval (although less ef®ciently) for input from another modality.
Recently, Hadjikhani & Roland (1998) investigated the brain areas activated during tactile±visual cross-modal matching in which tactile and visual stimuli were presented simultaneously. In the present study, we determined the brain areas involved in cross-modal discrimination in two presentation orders, visual-to-tactile and tactile-to-visual, and compared these with regions activated during intramodal discrimination, in order to examine the extent to which the order of presentation of the cross-modal information affects brain regions involved in cross-modal discrimination.
Materials and methods

Subjects
Nine healthy subjects, aged 20±30 years, participated in the study. All the subjects gave their informed consent according to the requirements of the Ethics Committee of the National Institute for Longevity Sciences. None had any history of grave medical illness and all had normal magnetic resonance images (MRIs). All the subjects were right-handed, as determined by the Edinburgh questionaire (Old®eld, 1971) .
Experimental procedure
Prior to the positron emission tomography (PET) experiment, each subject had a catheter placed into the left brachial vein for tracer administration. The subjects were placed in a supine position on the bed of the PET scanner. The room was kept as quiet as possible. Each subject wore a head-mounted display (Eye-Trek; Olympus, Tokyo, Japan). Two haptic interfaces with ®ngerstalls (PHANTOM 1.5; Sensable Technology, MA, USA) were located beside the bed of the PET scanner, and the subjects were asked to insert the thumb and index ®nger of thier right hand into the ®ngerstalls of the haptic interfaces (Fig. 1a) . These haptic interfaces were operated by software (GHOST; Sensable Technology, MA, USA) installed in a personal computer. This system enabled subjects to see and feel surfaces, and to grasp digital (virtual) three-dimensional (3D) objects. The subjects were able to use both texture gradient and binocular disparity as cues for 3D vision.
Eight cylinders of different diameters (10, 12, 14, 16, 18, 20, 22 , and 24 mm) but the same length (50 mm), smoothness and hardness were formed. These digital cylinders were always presented at the same location, that is, at the centre of the ®eld of view, through the head-mounted display. These eight cylinders were used as visual stimuli in the discrimination tasks. The same series of eight cylinders were formed for use as tactile stimuli, but a white thin square board, 60 Q 60 Q 1 mm in size, was always presented in front of the cylinders (Fig. 1b) . The subjects were able to touch the virtual cylinders by extending their hand behind the virtual board without interfering with it, but they could not directly see the cylinders. Prior to the PET experiment, the subjects were asked to look at and touch these cylinders to familiarize themselves with the virtual haptic system.
Each subject performed four discrimination tasks, two motor control tasks and one visual control task during the PET measurements (Table 1 ). Figure 1c shows an example of the sequence of the discrimination tasks. In the tactile±tactile discrimination task (TT), a sample tactile stimulus was presented for 5 s after the presentation of a 1-s cue signal (yellow circle: 10 mm in diameter). Then, a test tactile stimulus was presented for 5 s following a 1-s delay. During the delay period, a white 10-mm-diameter circle was presented. The subjects were asked to grasp the digital cylinders behind the screen using their thumb and index ®nger, to move their ®ngertips several times up and down the surface of the cylinders, and to determine which of the cylinder had the largest diameter. They were instructed to say`former' or`latter' during the next cue period depending on whether they judged the sample or test tactile stimulus to be the largest, respectively. In this study, cylinders of different sizes were presented in each trial. The diameters of the sample and the test cylinders differed by 2 mm, and the order of presentation was randomized. The task was continued for 2 min In the tactile±visual discrimination task (TV), a tactile stimulus was presented as sample stimulus, and the subjects were asked to estimate its diameter using their ®ngers. Then, a visual stimulus was presented as test stimulus, and the subjects were instructed to estimate the diameter of the cylinder visually, without grasping it. The other details were the same as those for the TT task. In the visual-tactile discrimination task (VT), visual and tactile stimuli were presented as sample and test stimuli, respectively. The other details were the same as those for the TV task. In the visual±visual discrimination task (VV), visual stimuli were presented as both sample and test stimuli. The subjects were instructed not to move their ®ngers throughout this task. The other details were the same as those for the TT task.
In motor control task 1 (MC1) and motor control task 2 (MC2), the task designs were the same as those in TT and TV, respectively, but a 16-mm-diameter cylinder was used as the lone stimulus. Therefore, the only difference between MC1 and MC2 was in the number of ®nger movements, that is, MC1 required twice as many ®nger movements as MC2. The subjects were asked to grasp the cylinders using their thumb and index ®nger and to move their ®ngertips several times up and down the surface of the cylinders when tactile stimuli were presented, or only to look at the visual stimuli without any ®nger movements. The subjects were instructed to say`Yes' at the onset of the cue period. Prior to the start of these two tasks, the subjects were informed that the diameters of the cylinders to be presented as sample and test stimuli were exactly the same; therefore, they were not required to judge the difference in diameter between the two stimuli. In the visual control task (VC), the subjects were instructed not to move their ®ngers throughout this task. Visual stimuli were similar to those of the VV, but only a 16-mm-diameter cylinder was used. The subjects were instructed to say`Yes' at the onset of the cue period. Prior to the start of the task, the subjects were informed that the diameters of the cylinders were the same. The order The haptic systems enable subjects to see, feel surfaces, and grasp digital (virtual) 3D-objects. Subjects were able to use both texture gradient and binocular disparity as cues for 3D-vision.
of the tasks was counterbalanced across subjects. Finger movements during task performance were monitored and recorded by a digital video recorder. In addition, eye movements were monitored by an electrooculogram using surface electrodes.
Data acquisition and analysis
Regional cerebral blood¯ow was measured using a PET scanner (Siemens/CTI ECAT EXACT HR, Erlangen, Germany) (Wienhard et al., 1994) . The emission scan was started immediately after administration of Ã 12 mCi (444 MBq) H215O bolus injection, using the 3D collection mode. All tasks were started immediately after the bolus injection. Each PET measurement was commenced immediately after radioactive counts were determined on the PET monitor, and was continued for a period of 90 s. In this study, one PET scan was obtained for each task. Each subject's MRI was anatomically normalized with respect to the standard brain anatomy of the Human Brain Atlas by automated image registration (AIR) (Woods et al., 1998) and elastic transformation (Schormann et al., 1996) . These parameters were subsequently used to transform each subject's PET image and MRI into the standard brain anatomy. Statistical parametric mapping (SPM96, Wellcome Department of Cognitive Neurology, London, UK) software was used for smoothing and statistical analysis (Friston et al., 1995) . In this study, an isotropic Gaussian ®lter with an FWHM of 12 mm was used to increase the signal-to-noise ratio. Differences in global¯ow were covaried using ANCOVA. Comparisons across conditions were carried out by means of t-statistics, and thereafter transformed into normally distributed Zstatistics. In this study, comparisons were conducted for each motor control task vs. VC, TT vs. MC1, TV vs. MC2, VT vs. MC2, VV vs. VC, and VT vs. TV. In addition, in order to determine brain areas showing polysensory activity, we employed a conjunction analysis (Price & Friston, 1996) , that is (TT ± MC1) with (TV ± MC2) with (VT ± MC2) with (VV ± VC) to determine brain activation common to all four discrimination tasks. For each comparison, the threshold for signi®cant activation was set at P < 0.05 (corrected for multiple comparisons). Finally, anatomical localization of the areas of activation in each comparison was carried out in relation to the mean anatomically standardized MRI.
Results
Psychophysical measures
The mean (SEM) percentages of correct responses during TT, TV, VT, and VV were 93.7 (2.7), 88.4 (4.4), 73.3 (3.3), and 98.8% (1.2), respectively. The differences among the values were statistically signi®cant (F = 12.8, P < 0.00001, ANOVA). The percentage of correct responses was the lowest during VT compared to that during the other three discrimination tasks (paired t-test: VT vs. TT, P < 0.0001; VT vs. TV, P < 0.05; VT vs. VV, P < 0.000001). No saccadic, pursuit, or slow eye movements were observed during each task.
Brain activation
Regions exhibiting signi®cant activation during the motor control tasks (MC1 and MC2) compared with those during VC are presented in Table 2 . Signi®cant brain activations determined by TT minus MC1, TV minus MC2, VT minus MC2, VV minus VC, and VT vs. TV comparisons are summarized in Table 3 .
Premotor cortex
Three different task-related activation foci were found in the premotor cortex of the right hemisphere; one in the dorsal part, and two in the ventral part. The right dorsal premotor cortex was signi®cantly activated as determined by the VT minus MC2 comparison (Fig. 2) . This area showed increases in regional cerebral blood¯ow (rCBF) during TT, but not during TV or VV (Fig. 3 ). An area in the right ventral premotor cortex was speci®cally activated as determined by the VT minus MC2 comparison (Fig. 2) , but was not activated during TV, TT or VV (Fig. 3) . Another area in the ventral premotor cortex located posterior to the former VT-speci®c area was found to be signi®cantly activated as determined by the TT vs. MC1 comparison (Fig. 2) . This region showed increases in rCBF during TV and VT, but not during VV (Fig. 3) .
Prefrontal cortex
An area in the right middle frontal gyrus was signi®cantly activated as determined by TT minus MC 1, TV minus MC2, and VT minus MC2 Cross-modal matching of size 139 comparisons (Fig. 2) . VV also induced increases in rCBF in this area when compared with VC (Fig. 3) . Thus, this area in the right middle frontal gyrus was involved in all of the four discrimination tasks.
Parietal cortex
Two different task-related activation foci were found in the inferior parietal lobule of the right hemisphere; one in the angular gyrus, and the other in the supramarginal gyrus. An area in the angular gyrus was signi®cantly activated as determined by the VV minus VC comparison (Fig. 2) . This area showed increases in rCBF during VT (Fig. 3) , but not during TT or TV. The inferior parietal lobule was signi®cantly activated as shown by TT minus MC1, TV minus MC2 as well as VT minus MC2 comparisons (Fig. 3) , but was not activated during VV (Fig. 3) .
Temporal Cortex
An area in the right inferior temporal sulcus was signi®cantly activated as shown by the VT minus MC2, and VV minus VC comparisons (Fig. 2) , but was not activated during TT and TV (Fig. 3) . Direct comparison between VT and TV showed a signi®cant activation in the right ventral premotor cortex in the VT minus TV comparison. No signi®cant activation was found in the TV minus VT comparison.
The conjunction analysis revealing brain activations common to all four discrimination tasks showed signi®cant activation in an area of the right prefrontal cortex. The volume of the activated area was 2584 mm 3 . In summary, TV was found to activate certain brain areas, parts of which were also activated by TT and VT. On the other hand, VT activated the same brain areas activated by TT and/or VV, as well as a speci®c area in the right ventral premotor area (Fig. 4) .
Discussion
In this study, we determined the brain regions that were activated during both cross-modal and intramodal size discrimination. The most notable ®nding was that the activation patterns during visualtactile and tactile±visual cross-modal discrimination were different. We found that when working memory for tactile information was activated during visual information processing (tactile±visual discrimination: TV), only a few of the brain areas involved in intramodal discrimination (modality-speci®c areas) were activated. On the other hand, when working memory for visual information was activated during tactile information processing (visual-tactile discrimination: VT), there was activation, not only of several modality-speci®c areas but also a speci®c area for cross-modal discrimination in the ventral premotor cortex. These results indicate that human brain mechanisms underlying cross-modal (visual and somatosensory) discrimination involve two different pathways depending on the temporal order of stimulus presentation.
Cross-modal transfer
Psychophysical measurement of the subject's performance indicates that the cross-modal transfer of information was inaccurate during VT compared with TV. In addition, more brain areas were activated showing signi®cant activation.
during VT than during TV. Our results are consistent with those of previous psychological studies of infants and children indicating that tactile±visual transfer is easier than visual-tactile transfer (Molander & Garvill, 1981; Juurmma & Lehtinen-Railo, 1988; Rose & Orlian, 1991) . Our results are also consistent, to a certain degree, with those of a previous monkey lesion study by Streicher & Ettlinger (1987) , suggesting that these cross-modal operations are not symmetrical. These authors examined cross-modal performance using entirely new and unfamiliar objects as stimuli. With lesions in the frontal, temporal and parietal polysensory cortices, there was impairment in crossmodal recognition of unfamiliar objects, despite normal performance when familiar objects were used. The effects of these lesions may also have been more pronounced in visual-to-tactile tasks than in tactile-to-visual tasks. The authors suggested that the neocortical areas are essential for the formation of new representations during visual learning if they are needed immediately after tactile recognition tasks, but that they are not necessary for refreshing previously formed visual representations. Alternatively, the neocortex is probably necessary for predicting qualities of a tactile object based on previous visual information. Therefore, our results indicate that different cognitive operations may be performed in response to the same stimuli in VT vs. TV. Thus, a greater cognitive load may be required for performing VT than TV, and human brain activity involved in cross-modal transfer differs in accordance with the direction of transfer.
Another possibility is that the difference in activation patterns between TV and VT may be induced by the difference in task dif®culty, since the mean percentage of correct responses during VT was lower than that during TV. However, recent brain imaging studies have shown that an increase in task dif®culty is associated with an increase in regional cerebral activity only in brain areas that are involved in speci®c tasks, particularly the prefrontal cortex and/or the anterior cingulate cortex (Baker et al., 1996; Barch et al., 1997; Gerlach et al., 1999; Speck et al., 2000; Sunaert et al., 2000) . To our knowledge, there is no report on the activation of additional brain area(s) in relation to increased task dif®culty.
Prefrontal cortex
An area in the lateral prefrontal cortex located in the right middle frontal gyrus was consistently activated during TT, TV, and VT. This area also showed increased activity during VV. Although the location of the peak activation differed slightly, the activated areas overlapped among these tasks. This activation probably represents commonalities in all the discrimination tasks. Discrimination tasks used in this study were delayed tasks that required working memory of an internal representation of the ®rst stimulus, that is, the subjects had to keep stimulus information in their working memory in order to discriminate it from another set of stimuli. Experimental studies of nonhuman primates have shown the crucial role played by the prefrontal cortex in maintaining working memory (Goldman-Rakic, 1987 , 1995 . In previous neuroimaging studies of humans, the lateral prefrontal area of the right hemisphere was activated during both spatial (Smith et al., 1995) and nonspatial working memory tasks (Petrides et al., 1993; Smith et al., 1995; Klingberg et al., 1996; Kawashima et al., 1998) . We could not make a simple comparison of our results with those of other neuroimaging studies, as different laboratories use different systems to transform their neuroimaging data to their standard anatomical space. Nevertheless, there is good agreement between our results and those of other neuroimaging studies, in that the prefrontal cortex activation in the present study has almost the same stereotaxic coordinates as those described in other activation studies. Therefore, the most probable interpretation is that the prefrontal cortex activations seen in the present study were related to working memory.
Premotor cortex
In this study, three different task-related activation foci were found in the premotor cortex; one in the dorsal part, and two in the ventral part. A region in the right ventral premotor cortex was speci®cally activated during VT, but not during TV, TT or VV. Therefore, this area was activated when working memory for tactile information was activated during visual information processing. One possible interpretation is that this activation was due to a process in which visual information was transformed to an internal hand motor pattern to be compared with a hand motor pattern during haptic stimulation. Based on results of neurophysiological studies of monkeys, it is known that the activity of neurons in the ventral premotor cortex is related to the visual inputs (Rizzolatti et al., 1988; Boussaoud et al., 1996) .
In the present study, a region in the dorsal premotor cortex was activated during TT and VT, but not during TV and VV. Although TV, which required tactile information processing, did not activate this area, it could be speci®cally activated when working memory of visual information was activated during tactile information processing. In humans, the premotor cortex is known to be involved in verbal or visuospatial working memory (Smith & Jonides, 1998 for review), and to our knowledge, there are no studies showing involvement of the premotor cortex in tactile working memory. Another region in the ventral premotor cortex located posterior to the VT-speci®c area was activated during TT, TV and VT but not during VV. Therefore, the activation of this ventral premotor cortex is thought to be related to tactile information processing. In monkeys, neurons in the ventral and dorsal premotor cortices are known to be ®red in relation to the processing of somatosensory stimuli (Rizzolatti et al., 1981; Kurata & Tanji, 1986) . Consistent results were reported in previous human PET studies indicating the involvement of the premotor cortex in tactile perception (Bottini et al., 1995; Burton et al., 1999; Mima et al., 1999) . O'Sullivan et al. (1994) also suggested that the right dorsal premotor cortex is involved in length discrimination but not in roughness discrimination. It is therefore possible that the two regions in the premotor cortex activated in this study comprise the cortical network involved in tactile macrogeometric information processing.
Inferior parietal cortex
In this study, an area in the inferior parietal lobule showed activation during TT, TV and VT but not during VV, indicating that this area was involved in tactile information processing. This area was located anterior to the inferior parietal lobule, which was determined by the VV vs. VC comparison. Therefore, we identi®ed two different foci in the inferior parietal cortex which were involved in discrimination tasks. The anterior focus, which was activated during TT, TV and VT, was located in the supramarginal gyrus; on the other hand, the posterior focus, which was activated during VV, was located in the angular gyrus. These results are consistent with those reported in previous PET studies indicating that the activation of the supramarginal gyrus is related to the somatosensory discrimination of length (O'Sullivan et al., 1994) and shape (Hadjikhani & Roland, 1998; Roland et al., 1998) , and that the angular gyrus is involved in visual discrimination of shape (Hadjikhani & Roland, 1998) and size (Faillenot et al., 1999) . Our results are also consistent with those of human lesion studies indicating that right posterior parietal cortex lesions are associated with the neglect of visual and somatosensory stimuli located in an extrapersonal space (Mesulam, 1981; Posner et al., 1984) . It should be noted that a similar activation pattern of this supramarginal area was observed in a part of the ventral premotor cortex (Fig. 2) . A similar parietal-premotor cortex activation pattern has been reported in a recent fMRI study of tactile exploration (Binkofski et al., 1999) . In monkeys, the anterior part of the posterior parietal lobule is interconnected with the ventral premotor cortex (Cavada & Goldman-Rakic, 1989) . Therefore, we suggest that the coactivation of the supramarginal gyrus and the ventral premotor cortex indicates that these two areas are part of the cortical network involved in tactile information processing.
Another possible interpretation of this inferior parietal cortex activation is that this area may also be involved in processing representations of objects and space in the somatosensory modality, as suggested by neuropsychological studies (Iwamura & Tanaka, 1996; Duhamel et al., 1998) .
Inferior temporal cortex
In this study, an area in the cortex lining the inferior temporal sulcus was activated during VT and VV but not during TT and TV. This activity may well be related to visual working memory, since TV, in which subjects discriminate tactile information in working memory from presented visual information, did not activate this area. The inferior temporal cortex has been recognized as one of the ®nal stages of the visual form pathway, which leads from the primary visual cortex (V1) to V2 and V4 (Ungerleider & Mishkin, 1982) . Neurophysiological studies of monkeys have demonstrated that this region is involved in visual pattern discrimination and in recognition of visual objects (Miyashita, 1993 for review), as well as in visual working memory (Miller & Desimone, 1991; Miller et al., 1993; Chelazzi et al., 1998) . It is also important to note that neurons selective for 3D shape exist in the inferior temporal cortex of Macaque (Janssen et al., 2000) . In humans, brain imaging studies have shown activation of the cortex lining the inferior temporal sulcus during tasks requiring a nonspatial visual working memory of objects (Roland & Gulyas, 1995; Smith et al., 1995; Kawashima et al., 1998; Gerlach et al., 1999; Postle et al., 2000; Faillenot et al., 2001) . Thus, our results together with results of these previous studies indicate that the inferior temporal cortex activation observed in this study might be related to the visual working memory of 3D shape.
